INTRODUCTION 25
The subsurface is a large habitat for microorganisms, yet the environment has 26 generally been understudied because of the difficulties associated with accessing the 27 subsurface. Groundwater is present in the pore space between subsurface sediments and 28 can contain high nutrient concentrations (Valiela et al. 1990; Moore 1999) The impact of these differences on carbon cycling in sediments versus groundwater 34 systems is not well understood. 35
Bacterial cells, small eukaryotes, and viruses are all components of the subsurface 36 microbial community (Goldscheider et al. 2006 ). Descriptions of prokaryotic (Shi et al. 37 1999; Griebler and Lueders 2009) and eukaryotic (Novarino et al. 1997; Valster et al. 38 2009) diversity in aquifers are based on microscopic observations, culturing experiments, 39 and identifications from phospholipid fatty acids or small subunit rRNA gene libraries. 40
There is spatial and temporal variability in prokaryotic diversity within both pristine and 41 contaminated aquifers (Haack et The use of isotopically-labeled compounds, or stable isotope probing, is one 57 method that allows researchers to identify metabolically-active cells within a microbial 58 community (Boschker et al. 1998; Dumont and Murrell 2005) . Previous groundwater 59 research has examined the assimilation of acetate within an aquifer contaminated with 60 hydrocarbons and found that only a subset of groundwater microorganisms in these 61 systems are metabolically active vis-à-vis acetate assimilation (Pombo et al. 2002; Pombo 62 et al. 2005) . One limitation in using stable isotope probing is that metabolically-active 63 cells which do not assimilate the labeled compound are incorrectly assigned to the 64 "inactive" category. Nonetheless, even with these methodological limitations, the use of 65 isotopically-labeled compounds has elucidated the role of specific microbial groups in The present project examined sediment-associated and free-living microorganisms 80 in the subsurface. Mesocosms were used to mimic in situ conditions and we used stable 81 isotope probing to characterize the microbial community involved in the assimilation of 82 13 C-acetate or its metabolic byproducts. Our results revealed that the free-living bacterial 83 community was passively transported through the subsurface. In contrast, the sediment-84 associated microorganisms altered their community composition in the presence of 85 protozoan grazers. 86
MATERIALS AND METHODS 87
Experimental setup and sampling strategy 88
The mesocosms used in the present project were 25 cm high x 7 cm wide cylinders 89 The data presented include sediment and groundwater from six cylinders which 115 received 13 C-acetate, four cylinders which received 12 C-acetate, and two cylinders which 116 received no acetate (one exposed to whole groundwater and one exposed to 1 μm-filtered 117 groundwater). During the experiment, groundwater was collected on the following days: 118 day 0 (t0), day 3 (t1), day 19 (t2), day 30 (t3), day 37 (t4), and day 43 (t5). Each aliquot 119 of groundwater integrates the previous three to six days of groundwater exiting the 120 sediment-filled cylinders. Groundwater was filtered through combusted 0.2-µm Anodisc 121 filters (Whatman) which were then stored at -80ºC until further processing. The 122 experiment was terminated 46 days after the initial addition of acetate. At this point, the 123 sediment was removed from the cylinders in four vertical sections, each of which was 5 124 cm high, and kept frozen at -80ºC until further processing. removed from further analysis. GenBank sequence accession numbers are FJ719033-214 FJ719100; clones are preceded by 'p03' (sediment exposed to whole groundwater) or 215 'p04' (sediment exposed to 1 μm-filtered groundwater). The phylogenetic association of 216 each clone was determined using the small subunit rRNA taxonomy and alignment 217 pipeline (STAP, Wu et al. 2008) . 218
Statistical analysis 219
Non-metric multidimensional scaling (NMS) (Kruskal 1964; Mather 1976 of randomized runs with stress less than or equal to the observed stress which was 235 calculated using Kruskal's stress formula 1; stress is a measure of goodness of fit used in 236 NMS. The proportion of variation represented by each axis was assessed by using a 237
Mantel test to calculate the coefficient of determination (r 2 ) between distance in the 238 ordination space and distance in the original space. All MATLAB code is available upon 239
request. 240
One-way analysis of similarity (ANOSIM) was used to assess if groups visualized 241 by NMS were statistically significant. MATLAB code for ANOSIM was also from the 242 Fathom toolbox. The Bray-Curtis distance matrix calculated for the NMS was used for 243 ANOSIM with the distances converted to ranked distances prior to ANOSIM 244 calculations. The significance of each group was tested by 10,000 randomizations of the 245 dataset, and p-values were calculated to determine the probability of no difference 246 between groups. If the p-value was less than 0.05, we rejected the null hypothesis of no 247 difference between groups. 248
The non-parametric Kruskal-Wallis test was also used to examine differences 249 between samples which did not meet the requirements of normality or equal variance. 250
RESULTS

251
Groundwater chemical parameters and microbial abundances 252
There were minor changes in the bulk chemical properties of the groundwater 253 during the experiment (Fig. 1) . The salinity was always less than 0.1 (unitless, data not 254 shown), oxygen averaged 8.4 mg L -1 and pH averaged 6.5. The groundwater temperature 255 decreased from ~14ºC to 10ºC by the end of the experiment. 256
The concentration of dissolved organic carbon (DOC) in the groundwater prior to 257 entering the sediment-filled cylinders averaged 75.1 μM (66.3 to 83.9 μM, 95% 258 confidence interval, n = 4). In columns where no acetate was added, DOC increased to 259 91.6 μM in the whole groundwater (70.6 to 113.4 μM, 95% confidence interval, n = 11) 260 and to 92.0 μM in the 1 μm-filtered groundwater (80.1 to 103.1 μM 95% confidence 261 interval, n = 15). In the sediment-filled cylinders which received additions of acetate, the 262 DOC concentrations in the groundwater exiting the sediment-filled cylinders were 263 significantly higher with average values of 110.8 μM (75.9 to 145.6 μM, 95% confidence 264 interval, n = 27) in the 1 μm-filtered groundwater and 146.8 μM (95.4 to 198.2 μM, 95% 265 confidence interval, n = 21) in the whole groundwater. 266
At the conclusion of the experiment, we measured the atom % 13 C bound to the 267 sediments. This measurement includes both organic carbon abiotically bound or adsorbed 268 to the sediment grains and organic carbon assimilated by the attached bacterial 269 community. The % 13 C value from sediment sampled from a core with no carbon added 270 was 1.08%, while the value from a core with 12 C carbon added was 1.13%. These values 271 are close to 1.10% 13 C which is the natural abundance of 13 C. Larger amounts of the 13 C 272 label were found in the bottom of the cylinders closest to the source of 13 C acetate. There 273 was a general decrease in atom % 13 C as the water moved upwards through the sediment-274 filled cylinders (Fig. 2) . Furthermore, a higher proportion of the 13 C label was found in 275 sediments exposed to whole groundwater compared to sediments exposed to 1 μm-276 filtered groundwater (Kruskal-Wallis test, p = 0.0178, n = 20). 277
From groundwater collected at different time points throughout the experiment, the 278 abundance of bacterial cells in the groundwater flowing into the sediment-filled cylinders 279 was 2.1 x 10 4 cells ml -1 (95% confidence interval = 0.8 to 3.4 x10 4 cells per ml -1 , n = 3). 280
As was observed with the DOC data, the abundance of bacterial cells increased after the 281 groundwater flowed through the sediment-filled cylinders. The abundance of 282 heterotrophic bacterial cells in groundwater exiting the sediment-filled cylinders that 283 received acetate additions averaged 1.1 x10 5 cells ml -1 and 4.8 x 10 5 cells ml -1 in 1 μm-284 filtered and whole groundwater, respectively. 285
The abundance of heterotrophic flagellates in the groundwater flowing into the 286 sediment-filled cylinders was <100 cells ml -1 . The protistan community in groundwater 287 was primarily comprised of flagellates between two and five μm long. Data on the 288 abundance of heterotrophic nanoflagellates in the groundwater exiting the sediment-filled 289 cylinders (Fig. 3) indicated that we were able to reduce the abundance of nanoflagellates 290 in the 1 μm-filtered groundwater five-fold relative to the whole groundwater treatments. 291
Bacterial community composition of groundwater and sediment 292 DNA was extracted from 54 samples and analyzed with T-RFLP analysis. Two of 293 the samples were from groundwater entering the sediment-filled cylinders; the remaining 294 samples were either from groundwater exiting the sediment-filled cylinders (n = 25) or 295 from the sediment within the cylinders (n = 27). ANOSIM was used to test for 296 differences in bacterial community composition (Table 1 ). There were statistically 297 significant differences in bacterial community composition between the incubations with 298 carbon added compared to those with no carbon added. There were also significant 299 differences in diversity between the sediment-associated bacterial community and the 300 free-living bacterial community, and in the bacterial community in treatments with whole 301 groundwater compared to those with 1 µm-filtered groundwater. Finally, the bacterial 302 community in groundwater entering the sediment-filled cylinders resembled the 303 groundwater bacterial community exiting the sediment-filled cylinders. However, there 304
were no significant differences in bacterial community composition across the four 305 different sediment sections removed from the cylinders (Table 1) . Therefore, for the 306 remainder of the project, the sediment sections removed from each cylinder were treated 307 as pseudo-replicates from the same cylinder. 308
Bacterial community composition following ultracentrifugation 309
We defined 13 C-labeled DNA as DNA collected from densities ≥ 1.7258 g ml -1 310 based on our previous results (Longnecker et al. 2009 ) and on the position of our 12 C-and 311 13 C-labeled standard DNA. We observed faint PCR bands in regions defined as 13 C-DNA 312 from cylinders only exposed to 12 C-acetate. Since these cylinders had not been exposed to 313 13 C-acetate, we would not expect DNA to be labeled with measureable amounts of 
Analysis of clone libraries 335
Two clone libraries from 16S rRNA genes amplified from the sediments were 336 constructed to allow phylogenetic identification of a portion of the sediment-associated 337 bacterial community. A total of 177 clones were analyzed with 90 clones from sediment 338 exposed to whole water and 87 clones from sediment exposed to 1 μm-filtered 339 groundwater. The clones were screened with RFLP, and 68 clones were fully sequenced 340 (n = 29 and n = 39 from sediment exposed to whole water or 1 μm-filtered groundwater, 341 respectively). With the limited number of sequences obtained in the present project, we 342 opted to provide higher level taxonomic information rather than focusing on a detailed 343 phylogenetic assessment. Phylogenetic identification revealed that the majority of the 344 sequences were Proteobacteria (Table 2) , with over 50% of the sequences originating 345 from Betaproteobacteria. In the sediments exposed to 1 µm-filtered groundwater, two 346 groups of Alphaproteobacteria, Bradyrhizobiales and Sphingomonadales, were also a 347 large proportion of the clones obtained. 348 However, our data show that the presence of grazers was a key factor in controlling the 390 sediment-associated bacterial community constituents although determining which 391 processes are involved will require additional work. 392
We used the δ 13 C measurements of the sediments as a means to quantify 393 differences in carbon cycling within our experiment. A higher proportion of the 13 C label 394 was bound to sediments when grazers were present. There are three possible explanations 395 for this observation. First, there could be increased consumption of acetate by the 396 sediment-associated microbial community in the presence of grazers. Second, the subset 397 of the bacterial community responsible for assimilation of the 13 C label could have been 398 resistant to grazing pressure within the sediments. Third, the metabolically-active 399 bacterial community incorporated higher amounts of carbon into the biofilm attached to 400 the sediments in the presence of grazers. This adds isotopically-labeled carbon to the 401 sediment grains and the biofilm could provide resistance to grazing pressure (Matz and 402 Kjelleberg 2005). However, whether the bacterial community was responding to changes 403 in the composition of organic matter, to increases in organic carbon, to nutrients released 404 due to grazing activity, or to some combination of all three processes, remains unknown. 405
Conclusions 406
The present project revealed distinct differences between sediment-associated and 407 groundwater bacterial communities. While the groundwater bacterial community did not 408 alter its composition during the present project, a distinct sediment-associated community 409 developed in the presence of protozoan grazers. Furthermore, the presence of protozoan 410 grazers increased the retention of labeled organic carbon in the sediments which indicates 411 that the presence of grazers can alter the retention of organic carbon in the subsurface. 412 Table 1 . Variability in bacterial community composition for DNA extracted from the 590 sediments and groundwater. ANOSIM was used to test for statistically significant 591 differences in bacterial community composition between groups. The following 592 comparisons are shown: 1) acetate amendment compared to no-carbon addition, 2) free-593 living compared to sediment-associated bacterial community, 3) sediment-filled cylinders 594 exposed to whole versus 1 μm-filtered groundwater, and 4) the vertical location of the 595 sediment within the cylinders. "n.s." = the comparison was not significant. 596 n.s. Upper middle 6 Lower middle 6 Bottom of core 9 597 Table 2 . Phylogenetic information from the 16S rDNA sequences from the two clone 598 libraries: one from sediment exposed to whole groundwater and one from sediment 599 exposed to 1 μm-filtered groundwater. Both samples were from cylinders with 13 C-600 acetate added. The percentages do not add up to 100% due to rounding within each 601 phylogenetic group. 602
% of clones
Phylum
Class / Order / Family Whole groundwater 
